Large redshift in photoluminescence of p-doped
We have studied the effect of impurity doping on the optical properties of indium phosphide ͑InP͒ nanowires. Photoluminescence measurements have been performed on individual nanowires at low temperatures ͑5-70 K͒ and at low excitation intensities ͑0.5-10 W/cm 2 ͒. We show that the observed redshift ͑200 meV͒ and the linewidth ͑70 meV͒ of the emission of p-type InP wires are a result of a built-in electric field in the nanowires. This bandbending is induced by Fermi-level pinning at the nanowire surface. Upon increasing the excitation intensity, the typical emission from these p-InP wires blueshifts with 70 meV/ decade, due to a reduction of the bandbending induced by an increase in the carrier concentration. For intrinsic and n-type nanowires, we found several impurity-related emission lines. This recent progress, in combination with the ability to integrate III-V semiconducting NWs monolithically into silicon, makes them very promising elements for future technologies. 6, 7 However, in order to fabricate complementary-metal-oxide-semiconductor-like NW devices, one must be able to control impurity doping to obtain both n-type and p-type NWs. There are some reports on the doping of ZnO, 8 Si and Ge, 9,10 GaAs, 11 and InP ͑Ref. 4͒ NWs. The effect of the incorporation of impurities has been demonstrated in electrical field-effect devices [8] [9] [10] or by the observation of diode behavior. 4 Although photoluminescence ͑PL͒ has proven to be a sensitive technique for examining impurity doping of semiconductors, it has so far not been used for NWs.
Here, we report on low-temperature PL experiments on single InP NWs with different doping types. We show that the incorporation of impurities greatly affects the emission spectra of the NWs.
The NWs in this study have been synthesized by the vapor-liquid-solid growth mechanism. The vapor phase was established by laser ablation of a powdered InP ͑Ͼ6N͒ target. First, a 2 Å thin gold film is evaporated on SiO 2 that breaks up into small islands at elevated temperatures. The NWs grow from the gold particles and have a typical diameter of 50 nm. In order to introduce dopants into the NWs, either elemental Se or Zn 3 P 2 powder was incorporated in the target at a concentration of 1.0ϫ 10 −3 and 1.0 mol %, respectively. From these NWs, field-effect transistor devices were fabricated that showed that the Se-doped NWs were effectively n-type, 2 and the Zn-doped NWs were p-type. 12 Devices based on nominally undoped ͑intrinsic͒ InP NWs were typically low conducting at zero gate voltage, but turned on at positive gate voltages, exhibiting a large on / off ratio of 10 7 . Although the NWs show luminescence at room temperature, the measurements have been performed at low temperature ͑5-70 K͒ in order to be able to use excitation intensities below 10 W / cm 2 . The samples were excited with a continuous HeNe laser ͑632.8 nm, 10 W͒ in a nonconfocal Zeiss laser scan microscope. The PL signal was collected by the same objective lens and was focused onto a spectrophotometer with a nitrogen-cooled InGaAs array detector. The integration time was 60 s per spectrum. PL spectra of i-InP and n-InP were recorded from more than ten NWs from different batches, while five p-InP NWs have been characterized. The excitation intensity was varied from 0.5 to 10 W / cm 2 . In Fig. 1 , representative low-temperature ͑15 K͒ emission spectra of intrinsic, n-type and p-type InP NWs are shown. The emission spectra of the intrinsic NWs show three distinct lines as indicated in Fig. 1͑a͒ . The emission line ͑1͒ at 1.41 eV is around 7 meV below the band-gap energy of bulk InP at 15 K ͑1.42 eV͒ ͑Ref. 13͒, and could be due to an excitonic or a donor-related emission. If it is of excitonic origin, the peak is lower in intensity than expected, which might be due to the large surface-to-volume ratio. When we, however, compare it to emission from n-type NWs, it seems more likely that it is a donor-to-valence band ͑DV͒ transition. We attribute the main luminescence line ͑2͒ at 1.377 eV to a conduction band-to-acceptor ͑CA͒ recombination with carbon acting as the acceptor ͑E A = 40 meV͒. 13 The emission line ͑3͒ at E = 1.33 eV might be assigned to a phonon replica of the CA-pair recombination ͑2͒ or to a deep acceptor level.
The n-type InP NWs exhibit two emission peaks. We assign the main emission line ͑1͒ at E = 1.414 eV to a DV transition; the ionization energy for Se in InP is 5 meV. 13 The emission line ͑2͒ at 1.383 eV is assigned to a CA transition emissions do not change upon varying the excitation intensity. Furthermore, the linewidths, defined as the full width at half maximum ͑FWHM͒, of the peaks are typically 20 meV in the temperature range of 5-70 K and do not depend on the excitation intensity. Such relatively large linewidths in NW spectra are attributed to inhomogeneous surface charges. 15, 16 A representative result of the measurements on p-InP NWs is shown in Fig. 1͑c͒ . We want to point out two important differences in comparison with i-InP and n-InP NWs. The first difference is the linewidth of the emission, which is in the range of 70-100 meV ͑FWHM͒ for the NWs studied. This is more than three times larger than the FWHM in intrinsic and n-type NWs. The most remarkable observation is however the large illumination-induced blueshift of the PL peak: The peak energy shifts from 1.23 eV to 1.31 eV upon a factor of 20 increase of excitation intensity in contrast to the constant peak positions observed in intrinsic and n-type NWs. Since the peak shifts gradually toward higher energy rather than in steps and no separate peaks are observed, we believe that the spectra taken at different excitation intensities show one and the same band, originating from a single transition. One possible explanation for such a shift would be a Coulomb shift occurring for a DA pair transition. 17 However, we find a peak shift of 70 meV/ decade, which is more than two times higher than values reported previously for p-InP of 10-35 meV/ decade. 17 Therefore, we believe that the emission shift has a different origin.
We propose that the shift is due to bandbending ͓Fig. 2͑a͔͒. It is known for bulk p-InP that an oxide layer at the surface pins the Fermi level. 18 Holes in p-doped material will then diffuse toward the surface and subsequently be trapped at the donorlike surface states, causing strong bandbending with a negatively charged surface depletion region. The band bending is particularly large for p-InP, since the Fermi level is expected to be pinned at only around 0.1 eV below the conduction band. Such surface-induced depletion has been observed by means of photoconductivity for GaN nanowires. 19 It is not seen in i-InP NWs, where the number of impurities is much lower, insufficient for the creation of a charged depletion region.
Upon excitation, charge carriers are created, which will be separated in space by the built-in electric field. Electrons will get confined at the surface of the NW, while the holes accumulate at the center of the NW, neutralizing the ionized acceptor states, as illustrated in Fig. 2͑a͒ . The accumulation of the photoexcited charge carriers will continue until a dynamic equilibrium has been reached. An electron near the surface recombines with a hole in the center, giving a transition energy of E low ͓Fig. 2͑a͔͒. The separation in space will result in a low transition probability, due to small overlap of wave functions of electrons and holes. When the excitation intensity is increased ͓Fig. 2͑b͔͒, more charge carriers will be generated, diminishing the bandbending. As a result, the emission energy increases to E high and the transition probability is enhanced, since the separation in space has decreased. Figure 3 shows PL spectra of a second p-InP NW on a semilogarithmic scale. Remarkably, the offset and the slope of the spectrum at the low-energy side remains the same for different excitation intensities and temperatures. This interesting phenomenon may be explained by considering diffusion of charge carriers in the longitudinal ͑z͒ direction of the NW. The excitation decreases the bandbending locally, which in turn will result in a local potential maximum for holes. As a result, the photoinduced charge carriers will drift along the z direction toward regions where the bandbending is less affected by excitation and the potential for the holes is lower. Recombination in those regions, near the edges of the spot, will continue to produce emission at E low . Hence, the PL spectra of p-InP NWs represent an integral of emission from various regions ranging from the edge of the spot, where the bandbending has not changed ͓Fig. 2͑a͔͒, to the center of the spot, where the band bending has changed most With low excitation intensity ͑a͒, the created charge carriers are separated in space, resulting in a low quantum efficiency. With a higher excitation intensity ͑b͒, the photoexcited charge carriers reduce the bandbending, resulting in a higher PL energy as well as an enhanced quantum efficiency. by excitation ͓Fig. 2͑b͔͒. Remarkably, the slope at the highenergy side is not affected by the excitation intensity ͓Fig. 3͑a͔͒, whereas it decreases with increasing temperatures ͓Fig. 3͑b͔͒. We suggest that the temperature affects the diffusion of photoexcited carriers. If we assume that the diffusion length of carriers exceeds the radius of the excitation spot ͑3 m͒, an increase in the temperature will broaden the carrier distribution in the z direction. This broadening results in a lower maximum intensity accompanied with a redshift, consistent with the experimental observations. In conclusion, intrinsic, n-type, and p-type InP NWs have distinctly different optical properties, as shown here by PL measurements. Intrinsic NWs show a dominant acceptorrelated emission and n-type NWs show a dominant donorrelated emission. As for p-InP, the PL spectra show a large redshift and a broadened peak. This peak exhibits a large dependence on the excitation intensity with a strong blueshift of 70 meV/ decade. We explain this behavior by strong bandbending due to Fermi-level pinning at the surface. Our observations might have important implications for the design of optoelectronic devices based on NWs. 
